Computational Fluid Dynamics (CFD) modeling of trickle-bed reactors with detailed interstitial flow solvers has remained elusive mostly due to the extreme CPU and memory intensive constraints. Here, we developed a comprehensible and scalable CFD model based on the conservative unstructured finite volume methodology to bring new insights from the perspective of catalytic reactor engineering to gas-liquid-solid catalytic wet oxidation. First, the heterogeneous flow constitutive equations of the trickle bed system have been derived by means of diffusion-convection-reaction model coupled within a Volume-of-Fluid framework.
Introduction
1 Trickle-bed reactors are employed in many engineering applications that go from 2 hydrotreatments and hydrocracking reactions in the petrochemical processing industries to the 3 environmental detoxification of exhaust gases and polluted wastewaters from chemical plants, 4 among numerous others. In the realm of environmental reaction engineering, trickle beds are 5 envisaged as an effective route capable of destroying the water-dissolved biorefractory 6 pollutants (Bhargava, Tardio, Prasad, Foger, Akolekar, & Grocott, 2006) by means of The design of trickle beds is often considered as a cumbersome task since one of the critical 13 parameters that dominate the multiphase flow phenomena is the multicomponent diffusion 14 plus the highly nonlinear chemical kinetics. For catalytic wet oxidations, the complexity can 15 even be increased depending on the hydrodynamic flow regime in which the trickle bed is to 16 be operated. Under trickling flow conditions, the residence time should obey specific criteria multiphase flow governing equations for such a system are coupled and nonlinear second-3 order elliptic partial differential equations. The degree of coupling allows us to solve 4 numerically those equations either in a segregated or non-segregated fashion. As a rule of 5 thumb for concentrated multicomponent mixtures, segregation of the governing equations 6 cannot be performed directly so the numerical strategy is performed by under-relaxation 7 parameters to produce the system of equations amenable to numerical solution. On the 8 contrary, in case of dilute mixtures there exists an opportunity to use a reference pollutant 9 which constitutes most of the mixture and these equations become segregated or are only 10 weakly coupled. In case of segregated frameworks, the self-diffusion operator is computed 11 implicitly, while the diffusion due to the other pollutant species is treated explicitly. This fact 12 results in an iterative algorithm whose convergence depends on the strategy used to conserve 13 the overall mass constitutive equation. 14 In this work, the multiphase flow governing equations for a trickle-bed reactor will be 15 assessed on how the convergence criterion for the mass fraction balance can be imposed 16 explicitly, and if the transport properties are not held constant, the convergence of this semi-17 implicit system of equations requires under-relaxation even for one-dimensional calculations. 18 Unless stated otherwise, our case-study comprises a multi-dimensional formulation, where the 19 spatial operators have to be additionally split to enable use of iterative algorithm so the 20 convergence will be guaranteed with optimum under-relaxation parameters since it is 21 dependent on the computational mesh aperture. On the prevention of the decoupling of The present article is divided into three major parts: first, a brief literature survey is presented and thermal silhouettes will be analyzed by three-dimensional computational mappings. 
Governing Flow Equations

9
A trickle bed based on a cylindrical geometry (50 mm ID ×1.0 m Length ) was modeled with a 10 specified void fraction and a set of fluid physical properties. The computational geometry was 11 designed so that a distance gap of about 3% of the sphere diameter facilitate the grid 12 generation avoiding numerical difficulties that arise in the calculation of convective terms as 13 described elsewhere (Lopes & Quinta-Ferreira, 2008; Nijemeisland & Dixon, 2001 ). The A c c e p t e d M a n u s c r i p t
where p, g and the physical properties (density, ρ; and viscosity, μ) respectively, the viscous stress tensor and the turbulent stress tensor, defined as follows:
Free Surface Model: Surface Tension and Wall Adhesion
9
The continuum surface force model has been used to compute the surface tension (Brackbill, expressed as a volume force using the divergence theorem assuming the form of Eq. 6.
A c c e p t e d M a n u s c r i p t 10 1 
Species Continuity and Energy Equations
7 where, C q,i is the concentration of species i in the q th phase (gas or liquid), ρ q and α q is the The energy equation, also shared among the phases, is shown in equation 10:
The VOF model treats energy, E, and temperature, T, as mass-averaged variables:
Page 11 of 42 A c c e p t e d M a n u s c r i p t 11 where E q for each phase is based on the specific heat of that phase and the shared temperature. Taking into account that the Reynolds numbers range for the gas phase is wide (min: 10, max: 7 2500), the mixture k-ε approach is used for turbulence. For incompressible flows, the 8 turbulence parameters are calculated from equations 10-11:
11 and the turbulent viscosity μ t,m and the production of turbulence kinetic energy, G k,m are 12 computed from Eq. 14. The CWAO kinetic parameters for the commercial catalyst N-140 were similarly derived to 
where first order reactions were assumed for each mechanism step of the Generalized Kinetic 18 Model. After integrating these equations a mathematical expression for TOC evolution is 19 obtained in Eq 16: 
The inlet turbulence quantities such as turbulent kinetic energy and turbulent dissipation rate 6 were specified based on FLUENT documentation. The turbulent kinetic energy (k) was 7 estimated from turbulence intensity as expressed in Eq. (18). 
11
The turbulent dissipation rate (ε) was estimated from the turbulent viscosity ratio as expressed 12 by Eq. (20). Initial and boundary conditions for the gas and liquid phases are systematized by values of y + in the particle surface for the selected meshes were in the range of 0.01<y + <200.
23
Notwithstanding these values make these meshes inappropriate for using an standard wall 24 function, except for the cases at low Reynolds, FLUENT solver allows the range for wall The multiphase reactor in our trickle bed pilot plant comprises a cylindrical geometry with the 3 following dimensions 50 mm of internal diameter and 1.0 m length and the experimental 4 procedure has been described elsewhere (Lopes & Quinta-Ferreira, 2010 In order to properly capture the boundary layer now on the temperature profile and regarding 5 also the mesh sensitivity analysis, several computational runs were additionally performed 6 changing the mesh density on the catalyst particle surface. The effect of mesh aperture on the 7 thermal behavior of the trickle-bed reactor is portrayed in Fig. 2 
